Previous results demonstrated that after 2-hour middle cerebral artery occlusion (MCAO) in the rat, 1-to 2hour recirculation temporarily restored the bioenergetic state and mitochondrial function, but secondary deterioration took place after 4 hours, The authors measured the activity of mi tochondrial respiratory chain complexes, citrate synthase, and glutamate dehydrogenase as possible targets of secondary dam age, Focal and penumbral tissues were sampled in the control Cerebral ischemiaireperfusion is accompanied by en hanced production of free radicals (Siesji::i , 1981) and mitochondrial dysfunction (Sims and Pulsinelli, 1987; Almeida et aL, 1995), Oxidative damage to proteins and CAl hippocampal cell death due to global cerebral isch emia are counteracted by the spin-trapping compound a-phenyl-N-tert-butyl-nitrone (PBN) in gerbils (Phillis and Clough-Helfman, 1990), whereas the effect-if any-is minimal in rats made ischemic by carotid occlu sion and hypotension (Pahlmark and Siesji::i , 1996).
JJ66 condition, after 2 hours of MCAO, and after 1,2, or 4 hours of postischemic recirculation; two groups were treated with Ci phenyl-N-tert-butyl-nitrone (PBN), Complex IV activity tran siently decreased after MCAO, but after recirculation all mea sured activities returned to control values, Key Words: Cere bral ischemia-Cytochrome c oxidase-Middle cerebral artery occlusion-Mitochondria-Respiratory chain complexes Spin-trap, cerebral blood flow, the "focus", becomes infarcted un less recirculation is instituted promptly, but the surround ing tissue in which the flow is less severely reduced (the "penumbra") can be salvaged potentially by pharmaco logic treatment (Siesji::i , 1992a, b) or recirculation (Memezawa et aL, 1992a) .
In focal areas, energy metabolism is severely im paired, and in penumbral areas, it is partially compro mised; in both areas, an initial recovery of the bioener getic state is observed with recirculation, but later a sec ondary deterioration of the cellular bioenergetic state is observed (Folbergrova et aL, 1992 (Folbergrova et aL, , 1995 . The PBN ameliorates brain damage (Zhao et aL, 1994) and recov ery of the bioenergetic state (Folbergrova et aL, 1995) in both the focus and, to a lesser extent, in the penumbra.
We have shown that in both penumbral and focal tissue homogenates, glutamate/malate-dependent mitochon drial respiration showed partial recovery after I hour of recirculation and a secondary deterioration after 2 to 4 hours; the latter was prevented significantly by PBN given after 1 hour of recirculation (Kuroda et aI., 1996a,b) .
To investigate the underlying cause of the observed decrease in respiratory rates and the mechanism of action of PBN, we measured the activity of the complexes of the respiratory chain and other mitochondrial enzymes under similar experimental conditions in the same areas.
The results demonstrated that the decrease in respiratof) rates is not accompanied by a decreased activity of re spiratory chain complexes.
MATERIALS AND METHODS
Male Wistar rats (Mollegaard, Copenhagen, Denmark), 300 to 340 g, were used for transient middle cerebral artery occlu sion (MCAO), as described previously (Memezawa et aI., 1992b) . Animals were anesthetized with halothane/N20:02; the origin of the middle cerebral artery was occluded by a filament carry ing a distal cylinder of silicon rubber, which was with drawn after 2 hours to allow recirculation. Core temperature was maintained at 37°C. Physiologic parameters and the neu rologic status (Bederson et aI., 1986) of each rat were evaluated regularly; only rats that consistently circled toward the paretic side (grade 3) during the MCAO were included in this study.
Seven groups of animals (n = 6-7 each) were studied. Con trol animals were sham-operated and killed after 2 hours. All other animals were subjected to 2-hour MCAO, and killed im mediately (MCAO) or at 1,2, or 4 hours of recirculation. In two groups, PBN (100 mg/kg) or vehicle (saline) were administered intraperitoneally 1 hour after ischemia; recirculation was al lowed for 1 or 3 hour hours.
The brains were removed rapidly and a 4-mm slice in the coronal plane was cut. The areas denoted "focus" and "pen umbra" in previous bioenergetic and respiratory measurements (Folbergrova et ai., 1995; Kuroda et ai., 1996a) , as well as a sample of contralateral neocortex, were dissected, homog enized in 10 volumes of ice-cold isolation medium (0.32 moUL sucrose, I mmollL fpotassium-edetic acid, 10 mmollL Tris hydrochloride, pH 7.4) using a glass-glass homogenizer, and stored at -70°C for no longer than 2 months. The small amount of tissue sampled did not allow further subcellular fraction ation.
Samples were frozen/thawed three times before the assays.
The specific activities of mitochondrial complex I (Ragan et al. 1987 ), complexes II and III (King, 1967) , complex IV (Whar ton and Tzagoloff, 1967), complex V (Soper and Pedersen, 1979) , glutamate dehydrogenase (Leong and Clark, 1984) , and citrate synthase (Shepherd and Garland, 1969) were measured spectrophotometric ally at 30°C. Protein concentration also was measured (Lowry et ai., 1951) .
One-way analysis of variance and the Tukey test were used to compare the values in the three areas (contralateral cortex, penumbra and focus) within each experimental group. Figures 1 and 2 show the activities of the enzymes in the seven experimental groups. A high variability in the activities was found in the cortex contralateral to the occlusion; this reflects individual differences between animals and the variability associated with the homog enates as opposed to purified fractions. Therefore, we have reported the data normalized to the value in the contralateral cortex of each group.
RESULTS
Only the activity of complex IV in the animals sub mitted to MCAO without reperfusion was lower in the focus (-27.0%; P < 0.05), and in the penumbra (-16.7%; P = not significant). This inhibition was reversible be cause it was not found in the reperfused groups, although 
DISCUSSION
The decrease in the activity of complex IV confirms findings obtained with other models of rat cerebral isch emia: perinatal forebrain ischemia (Nelson and Silver stein, 1994) , carotid occlusion with hypotension (Dim lich et aI., 1990), and postdecapitative ischemia (Cane vari, 1996, unpublished observations) .
The decrease in complex IV activity immediately after ischemia is unlikely to be responsible for the decrease in state 3 respiration observed in the previous experiments (Kuroda et aI., 1996a) . It has been shown that complex IV in non synaptic and synaptic mitochondria can be in hibited by cyanide by approximately 60% of the activity before it affects the respiration rate or the production of L. CANEVARI ET AL. adenosine triphosphate (Davey and Clark, 1996; Davey, 1996, personal communication) .
Nevertheless, preliminary experiments have shown a much higher activity of complex IV in all areas in ordi nary control animals, compared with sham-operated con trols (data not shown). This probably is due to the anes thesia: halothane is known to accumulate in brain mem branes and modify their fluidity (Sastry et aI., 1991) and
to affect a number of membrane proteins and lipids (Franks et aI., 1995) , including decreasing complex IV activity in cardiac tissue (Caughey et a!., 1993) . It is possible that in our samples, the activity of complex IV was decreased by anesthesia in all areas of the brain, but not to a sufficient extent to affect oxygen consumption, investigation, and they probably are mediated by a pro cess other than the mitochondrial complexes activities.
We believe that it is unlikely that the adenine transloca tor or the phosphate carrier are involved, because respi ration in presence of an uncoupler was affected in the same way as state 3 respiration (Kuroda et aI., 1996a) .
Pyruvate dehydrogenase activity, which has been shown to be impaired by cerebral ischemia and reperfusion (Zaidan and Sims, 1993) , has not been considered be cause the change in respiration was observed using glu tamate and malate as NADH-producing substrates. Pos sible targets are the dicarboxylate carrier (Groen et aI., 1982) or the cyclosporin A-sensitive permeability tran sition pore on the mitochondrial inner membrane (Zoratti and Szabo, 1995) : limitation of the access of substrates or calcium to mitochondrial dehydrogenases could influ ence the respiratory rate. Alternatively, modifications of the mitochondrial membranes properties could hinder the flow of reducing equivalents between the components of the respiratory chain.
Thus, the mitochondrial dysfunction observed in pre vious work (Kuroda et a!., 1996a) does not appear to be mediated by a permanent, structural damage to the en zymes studied such as to cause a reduction in the specific activity, measured in standard conditions in vitro.
